Abstract Enhanced cell survival and resistance to apoptosis during thermotolerance correlates with an increased expression of heat shock proteins (Hsps).
INTRODUCTION
Exposure of cells to transient, nonlethal elevations in temperature results in the synthesis and accumulation of Hsps, which induce a state of thermotolerance and render cells resistant to subsequent lethal insults (Li and Werb 1982; Parsell and Lindquist 1993) . The major Hsps of mammalian cells include proteins with molecular masses of 110, 90, 70, 60, 40 , and 27 kDa (for review, see Lindquist and Craig 1988; Moseley 1997) . Several groups have shown that thermotolerant cells are less sensitive to cytotoxicity induced by hyperthermia, growth factor withdrawal, heavy metals, or anticancer drugs (Landry et al 1989; Jäättelä et al 1992; Mailhos et al 1993; Samali and Cotter 1996; Mosser et al 1997) . Apart from the ability of mild heat stress to induce thermotolerance, more severe bouts of heat shock can cause a loss of cell viability by apoptosis or necrosis, if cellular defense mechanisms are incapable of coping with the stress.
Apoptosis is a highly regulated process characterized by condensation of nuclear chromatin, cytoplasmic shrinkage, membrane blebbing, nuclear fragmentation and, finally, the formation of apoptotic bodies (Kerr et al 1972; Wyllie et al 1980) . This form of cell death is also associated with the activation of an evolutionarily conserved family of cysteine-aspartate proteases (for review, see Thornberry and Lazebnik 1998) , referred to as caspases (Alnemri et al 1996) . Caspase activation was recently proposed as the universal biochemical hallmark of apoptosis (Samali et al 1999c) . At least 14 caspases have been hitherto identified in mammalian cells. They are synthesized as inactive precursor molecules, procaspases, and are activated by proteolytic cleavage (Thornberry and Lazebnik 1998) .
Emerging evidence suggests that mitochondria are critical in the activation and/or amplification of the caspase cascade, via the release of cytochrome c and possibly other factors (Kluck et al 1997; Yang et al 1997) . It has been demonstrated that after cytochrome c release from the mi-tochondrial intermembrane space, this molecule participates in apoptosome formation with Apaf-1 and procaspase-9, leading to the cleavage and activation of other procaspases, including procaspase-3 (Liu et al 1996; Li et al 1997; Zhou et al 1997) . The ability of several antiapoptotic proteins, such as Bcl-2 and Bcl-X L , to inhibit apoptosis involves the prevention of cytochrome c release from mitochondria (Kluck et al 1997; Yang et al 1997) or interference with the function of the apoptosome complex (Kim et al 1997) .
In recent years, Hsps have also emerged as regulators of apoptosis (for review, see Arrigo 1998; Samali and Orrenius 1998; Jäättelä 1999) . These proteins fall within 2 categories: those that accelerate apoptosis-for example, Hsp60 (Samali et al 1999a; Xanthoudakis et al 1999) , and those that inhibit the process, such as Hsp27 and Hsp72 (Mehlen et al 1996b; Samali and Cotter 1996; Gabai et al 1997; Mosser et al 1997; Jäättelä et al 1998; Gorman et al 1999; Robertson et al 1999) . Despite an increasing number of reports on the modulation of apoptosis by Hsps, relatively little is known about the mechanism by which these proteins can render cells resistant to apoptosis. Here we present evidence suggesting that during thermotolerance, Hsp27 exerts its antiapoptotic effect at the level of the mitochondrion, whereas Hsp72 imparts its effect downstream of mitochondrial cytochrome c release by preventing caspase activation.
MATERIALS AND METHODS

Cell culture and heat shock conditions
Jurkat cells were grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin in a humidified atmosphere of 5% CO 2 in air at 37ЊC. For heat shock, cell numbers were determined with a Neubauer hemocytometer, and the density was adjusted to 10 6 cells per milliliter. The required numbers of cells were placed in culture flasks, which were sealed by wrapping parafilm around their lids. The flask was immersed in a water bath at the indicated temperatures (Ϯ0.5ЊC) for 1 hour. After the incubation period, cells were resuspended in fresh medium and incubated at 37ЊC for various times. Cell viability was assessed by the ability of cells to exclude trypan blue dye. Cell morphology was evaluated by staining cytospin preparations, and apoptotic or necrotic cells were scored as described previously (Samali and Cotter 1996) .
Determination of cytochrome c release
Cells were washed in phosphate-buffered saline (PBS), and cytosolic fractions were separated from the pellet (mitochondrial fraction) as previously described (Samali et al 1999a) . After determination of the protein concentration, the samples were frozen at Ϫ70ЊC until further analysis by Western blotting.
Western blotting
Protein samples were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and the proteins were transferred onto a nitrocellulose membrane. Western blotting was performed by using mouse monoclonal antibodies to Hsp72 and Hsp27 (StressGen Biotechnologies Corp, Victoria, BC, Canada), PARP (BIOMOL, Plymouth Meeting, PA, USA), Bcl-2 (DAKO Corp, Glostrup, Denmark), cytochrome c (a gift from Dr Ronald Jemmerson), rat monoclonal antibody against Hsc70 and Grp94 (StressGen Biotechnologies Corp), and rabbit polyclonal antibodies to caspase-3 and DFF45 (gifts from Drs Donald Nicholson and Xiaodong Wang, respectively). The appropriate goat secondary antibodies conjugated to horseradish peroxidase were obtained from Pierce. Protein bands were then visualized by using the ECL Western Blot Detection Kit from Amersham Corp, Buckinghamshire, UK.
Measurement of mitochondrial transmembrane potential
Changes in mitochondrial transmembrane potential were detected by using tetramethylrhodamine ethyl ester perchlorate (TMRE, Molecular Probes, Leiden, The Netherlands). TMRE (25 nM) was added to the culture medium 30 minutes before analysis. Samples were then washed and resuspended in buffer (10 mM N-2-hydroxyethylpiperazine-NЈ2-ethane-sulfonic acid [HEPES] and NaOH, pH 7.4; 150 mM NaCl; 5 mM KCl; 1 mM MgCl 2 ; 1.8 mM CaCl 2 ) containing 25 nM TMRE. Changes in fluorescence were detected by using a FACScan flow cytometer (Becton Dickinson).
Subcellular fractionation
For isolation of the nuclear fraction, cells (2.5 ϫ 10 8 per milliliter) were resuspended in buffer A (10 mM Tris-HCl [pH 7.5], 2.5 mM KCl, 2.5 mM MgCl 2 , and 0.5 M sucrose) and kept on ice. Cells were lysed in 0.5 vol of buffer B (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 MgCl 2 , and 0.05% NP-40), followed by homogenization (20 strokes) in a Dounce homogenizer. The resulting lysate was immediately diluted with 3 vol of buffer A and transferred to a centrifuge tube. Before centrifugation, 1 vol of buffer C (50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , and 2.1 M sucrose) was added as a cushion to the bottom of the tube and the suspension centrifuged at 1000 ϫ g for 4 minutes (4ЊC). Supernatants were discarded, and the resultant pellet was resuspended in the same volume of buffer A, along with a buffer C cushion, and centrifuged at 1000 ϫ g for 4 minutes (4ЊC). Again, supernatants were discarded and the sample layer was resuspended in the bottom layer of sucrose; and 7 mL of buffer C was added as a cushion. After centrifugation at 90 000 ϫ g for 30 minutes (4ЊC), the resulting nuclei-rich pellet was resuspended in buffer A. For isolation of mitochondrial, cytosolic, and microsomal subfractions, cells were washed in buffer D (100 mM sucrose, 1 mM ethyleneglycotetraacetic acid [EGTA] , 20 mM 3-[N-morpholino]propanesulfonic acid (MOPS), pH 7.4) and resuspended in buffer E (buffer D plus 5% Percoll, 0.01% digitonin and a cocktail of protease inhibitors: 10 M aprotinin, 10 M pepstatin A, 10 M leupeptin, 25 M calpain inhibitor I, and 1 mM pluripotent myeloid stem cell [PMSF] ). After 15 minutes of incubation on ice, unbroken cells and nuclei were pelleted by centrifugation at 2500 ϫ g for 10 minutes at 4ЊC. The supernatant was centrifuged at 15 000 ϫ g for 15 minutes to pellet mitochondria, which were resuspended in buffer F (300 mM sucrose, 1 mM EGTA, 20 mM MOPS, pH 7.4, and the above cocktail of protease inhibitors). The supernatant was further centrifuged at 100 000 ϫ g for 1 hour. The resultant supernatant and the pellet were designated as the cytosolic and microsomal fractions, respectively. The protein concentration of each subfraction was determined by using the Pierce protein assay.
Transfection procedures
Transfection was performed according to the protocol for DOTAP liposomal transfection reagent provided by Boehringer Mannheim, Mannheim, Germany. Cells were transfected with either pCIneohsp27 antisense vector, containing the entire coding sequence of hsp27 placed in reverse orientation under the control of cytomegalovirus (CMV) promoter, or a corresponding control vector. pCIneohsp27 antisense was constructed by using an EcoRI-EcoRI DNA fragment of plasmid psvhsp27, which was inserted in the EcoRI site of pCIneo vector (Promega Corp, Madison, WI, USA). Stable single-cell clones were selected with 250 g/mL G418.
Preparation of the cytosolic fraction and in vitro caspase activation with cytochrome c and dATP
Control or thermotolerant cells were washed in PBS and resuspended in S-100 buffer (100 mM sucrose, 1 mM EGTA, 20 mM MOPS, pH 7.4, 10 M aprotinin, 10 M pepstatin A, 10 M leupeptin, calpain inhibitor I, and 1 mM PMSF). After 10 minutes of incubation on ice, cells were centrifuged at 900 ϫ g for 5 minutes, followed by a further centrifugation of the supernatant at 100 000 ϫ g for 45 minutes to obtain the cytosolic fraction. For in vitro caspase activation, 30 L of the cytosolic fraction (2 mg/ mL) was incubated with cytochrome c and deoxyadenosine triphosphate (dATP) for 60 minutes at 30ЊC.
Caspase assay
The activity of group II caspases (DEVDases) was determined fluorometrically by using a modified version of the method developed by Nicholson et al (1995) . Briefly, lysate from 1 ϫ 10 6 cells and substrate (DEVD-AMC, 50M) were combined in reaction buffer. A total of 100 mM HEPES, 10% sucrose, 5 mM dithiothreitol, 0.0001% NP-40, and 0.1% 3-[(3-cholamidopropyl) dimethylammonio] propane-1-sulphonic acid, pH 7.25, was added in triplicate to a microtiter plate. The cleavage of the florigenic peptide substrate DEVD-AMC was monitored using a Fluoroscan II plate reader (Labsystems, Stockholm, Sweden) with 355-nm excitation and 460-nm emission wavelengths. Fluorescence was measured at 70-second intervals over a 30-minute period, and fluorescence units were converted to picomoles of AMC by using a standard curve generated with free AMC. Data from triplicate samples were then analyzed by linear regression.
Isolation of nuclei and incubation with cytosolic fraction
Rat thymic nuclei were isolated as described above. Cytosols were prepared and activated with cytochrome c and dATP for 30 minutes, as described above. A cell-free system was then set up to study nuclear apoptosis, consisting of 10 L of cytosol (7 mg/mL), 2.5 L nuclei (2 ϫ 10 6 ), and 10 L of adenosine triphosphate (ATP)-regeneration system, containing 2 mM ATP, 10 mM creatine phosphate, and 50 g/mL creatine kinase. The volume was adjusted to 25 L with S-100 buffer. Samples were incubated at 37ЊC for 2 hours and prepared for conventional DNA gel electrophoresis.
Conventional DNA gel electrophoresis
DNA fragmentation was assessed by 1-stage agarose gel electrophoresis. Briefly, 2 ϫ 10 6 nuclei were pelleted and resuspended in buffer containing RNase (10 mg/mL) for 20 minutes. Samples were then loaded onto a 1.8% agarose gel with a digestion gel (0.8% Ultrapure agarose (Life Technologies), 2% SDS, and 0.6 mg/mL proteinase K) at the upper end. The gel was run at 20 V overnight, and electrophoresis was then continued for 3 hours at 90 V to separate the DNA fragments. The gel was subsequently stained with ethidium bromide, visualized under 305 nm ultraviolet illumination, and photographed with Polaroid 665 positive/negative film. Inhibition of apoptosis in thermotolerant cells. Cells were incubated at either 37ЊC or 42ЊC for 1 hour and allowed to recover for 12 hours at 37ЊC. Cells were then subjected to heat shock at 44ЊC, followed by recovery for 1 and 2 hours at 37ЊC. (a) Equal amounts of protein (25 g per lane) were subjected to SDS-PAGE, followed by Western blot analysis with specific antibodies against Hsp72 or Hsp27. (b) Determination of the extent of processing of caspase-3 and cleavage of PARP and DFF45 by Western blotting. (c) The percentage of apoptosis was assessed by morphological examination of stained cytospin preparations from 3 independent experiments. The results are presented as mean percentage Ϯ SEM.
RESULTS
Acquisition of thermotolerance correlates with inhibition of apoptosis
We have demonstrated previously that a sublethal heat shock (42ЊC for 1 hour) in Jurkat cells results in an accumulation of Hsp27 and Hsp72 and an attenuation of apoptotic morphology induced by subsequent heat shock at 44ЊC (Samali et al 1999b) . To determine whether inhibition of apoptosis during acquired thermotolerance is linked to an inhibition of caspase activity, cells were either maintained at 37ЊC or heat-shocked at 42ЊC for 1 hour, followed by a 12-hour recovery period at 37ЊC to allow the maximal accumulation of Hsps. Subsequently, cells were subjected to 1 hour of heat shock at the apoptosis-inducing temperature (44ЊC) and later processed after a 1-or 2-hour recovery at 37ЊC. Western blot analysis demonstrated that Hsp72 and Hsp27 were induced in cells preconditioned at 42ЊC (Fig 1a) . The preconditioned cells resisted apoptosis induced by a subsequent exposure to heat shock at 44ЊC, as determined by the lack of procaspase-3 processing and cleavage of PARP and DFF45 (Fig 1b) . Furthermore, the number of cells displaying apoptotic morphology was significantly lower in the thermotolerant cell population (Fig 1c) . The inhibition of apoptosis was not limited to heat shock, because preconditioned cells were also resistant to induction of apoptosis by hydrogen peroxide as well as etoposide (data not shown). Overall, these results suggest that thermotolerance blocks apoptosis upstream of caspase-3 activation.
Stress-induced loss of ⌬⌿m and cytochrome c release are blocked in thermotolerant cells
From the previous set of experiments, it was evident that thermotolerance prevented procaspase-3 processing and apoptosis in Jurkat T cells. However, whether the apoptotic process was blocked before, or downstream of, cytochrome c release from mitochondria was not clear. It has been reported previously that thermotolerance leads to the inhibition of hydrogen peroxide-induced loss of ⌬⌿m and that mitochondria are targets for the protective effects of thermotolerance against subsequent oxidative injury (Polla et al 1996) . Furthermore, we recently demonstrated that heat-induced apoptosis is accompanied by a drop in ⌬⌿m and a release of cytochrome c from mitochondria (Samali et al 1999b) . We therefore hypothesized that inhibition of apoptosis in thermotolerant cells occurs through stabilization of ⌬⌿m and prevention of cytochrome c release from mitochondria. In support of this hypothesis, monitoring ⌬⌿m with TMRE demonstrated a lack of dissipation of the ⌬⌿m after heat shock at 44ЊC (Fig 2a) as well as hydrogen peroxide treatment Inhibition of apoptosis occurs upstream of mitochondrial events. Cells were incubated at either 37ЊC or 42ЊC for 1 hour and allowed to recover for 12 hours at 37ЊC. Cells were then subjected to heat shock at 44ЊC, followed by recovery for 2 hours at 37ЊC. (a) Flow cytometric analysis of ⌬⌿m of cells incubated at the indicated temperatures using TMRE (25 nM), before (dotted line) or after (solid line) heat shock at 44ЊC. (b) Western blot analysis of cytochrome c in the cytosolic fractions and mitochondria-enriched pellets or Bcl-2 in whole cell extracts of control and thermotolerant cells subjected to heat shock at 44ЊC and recovery for 1 and 2 hours at 37ЊC. Cytosols, mitochondria, nuclei, and microsomes were isolated from control (Ϫ) and heat-shocked (ϩ) Jurkat cells, as described in Materials and Methods. The presence or absence of Hsp27 and Hsp72 in the different fractions was determined by Western blot analysis. Hsc70 (cytosolic/nuclear), cytochrome c (mitochondrial), PARP (nuclear), and Grp94 (microsomal) proteins were also analyzed to confirm the purity of the individual fractions.
(data not shown) of thermotolerant cells. Western blot analysis of the cytosolic and mitochondria-enriched fractions from control and thermotolerant cells after exposure to heat shock (44ЊC) revealed that the release of cytochrome c was also blocked during thermotolerance (Fig  2b) .
Resistance to apoptosis is often associated with increased expression of Bcl-2, an antiapoptotic protein associated with mitochondria. One study reported that heat shock may upregulate Bcl-2 expression (Polla et al 1996) . However, in the present study, the thermotolerant cells did not show any detectable change in the Bcl-2 level, as compared with control cells (Fig 2b, lower panel) . These data suggest that the inhibition of heat-induced apoptosis was not linked to altered Bcl-2 expression in preconditioned cells.
Hsp27 exerts its anti-apoptotic effect at the mitochondrial level
Because the resistance to apoptosis in thermotolerant cells was associated with the inhibition of cytochrome c release from mitochondria, we tested the possibility that Hsp27, Hsp72, or both could interact directly with mitochondria. To investigate this possibility, cytosolic, mitochondrial, nuclear, and microsomal subfractions were isolated from control and thermotolerant cells. In comparison to control cells, high levels of Hsp27 and Hsp72 (62% and 58% of the total, respectively) were present in the cytosolic fraction of thermotolerant cells (Fig 3) . The mitochondrial fraction of thermotolerant cells also revealed the presence of a significant pool of Hsp27 (33%) and much less of Hsp72 (14%). The nuclear fraction, on the other hand, displayed a marked increase in the levels of Hsp72 (23%). There was no significant change in the Hsp content of the microsomal fraction of the thermotolerant cells (Fig 3) .
Induction of both Hsp27 and Hsp72 during thermotolerance makes it difficult to elucidate the respective antiapoptotic effects of these proteins. To determine at what levels in the apoptotic pathway Hsp27 and Hsp72 exert their respective effects, Jurkat cells were stably transfected with hsp27 antisense (Jurkat-AS), or the corresponding control vector (Jurkat-neo). Single-cell clones were selected by using G418. The expression of the antisense was verified by heat shocking the Jurkat-neo and Jurkat-AS cells at 42ЊC and monitoring the induction of Hsp27 by Western blot analysis. As demonstrated in Fig 4a, heat shock at 42ЊC resulted in the induction of Hsp27 and Hsp72 in both the wild-type and Jurkat-neo cells, whereas no significant increase in the level of Hsp27 in Jurkat-AS was detected, despite the induction of Hsp72. Moreover, the inhibition of Hsp27 induction in Jurkat-AS cells previously made thermotolerant (42ЊC for 1 hour) did not affect their viability (data not shown). Thermotolerant Jurkat-AS cells were subsequently heat shocked at 44ЊC. Suppression of Hsp27 induction in Jurkat-AS cells during thermotolerance enhanced the release of cytochrome c after heat shock at 44ЊC, despite the presence of Hsp72 (Fig  4b) . The response of Jurkat-neo cells (both control and thermotolerant) to heat shock at 44ЊC was identical to that of wild-type cells (Fig 4b) . Surprisingly, the release of cytochrome c in Jurkat-AS cells failed to induce any apparent caspase activation (data not shown) or apoptotic morphology (Fig 4c vs Fig 1c) . These results suggest that Hsp27 induces a stabilizing effect on mitochondria and hence prevents the loss of cytochrome c in the presence of a proapoptotic stimulus, whereas some other component of thermotolerant cells, possibly Hsp72, exerts its effect downstream of mitochondria by preventing caspase activation.
Cytosolic fractions from thermotolerant cells are resistant to cytochrome c/dATP-stimulated caspase activation
A recent report indicated that apoptosis was inhibited downstream of caspase activation and before nuclear changes in Hsp72-overexpressing cells (Jäättelä et al 1998) . We therefore set up an in vitro system to determine if accumulation of Hsps in thermotolerant cells could also inhibit apoptosis downstream of caspase activation. In this in vitro system, the cytosolic fraction from control or thermotolerant cells was incubated with exogenous cytochrome c and dATP to stimulate caspase activation. As demonstrated in Fig 5a, the extent of caspase activity after titration of cytochrome c against cytosols was lower in thermotolerant cells, as compared with control cells. However, with a high concentration of cytochrome c (400 nM), similar levels of caspase activity were detected in the cytosolic fraction from both control and thermotolerant cells. These results suggest that the inhibition of cytochrome c-mediated caspase activation depends on the level of the cytochrome c released from mitochondria. The activation of caspases in the cytosolic fraction led to the cleavage of DFF45 (Fig 5b, upper panel) , the inhibitory counterpart of the endonuclease DFF40, even though inducible Hsps were present in this fraction from thermotolerant cells (Fig 5b, lower panel) . Cleavage of DFF45 indicated that DFF40 could be activated in the cytosolic fraction from both nonthermotolerant and thermotolerant cells. Moreover, treatment of isolated nuclear fractions with active cytosols, ie, those where cytochrome c and dATP had been added, induced internucleosomal DNA fragmentation characteristic of apoptosis (Fig 5c) .
The inhibition of cytochrome c-mediated caspase activation in the cytosolic fraction of thermotolerant cells could be caused by the effects of either one or both Hsps. In order to determine which of the two Hsps conferred a Resistance of cytosolic fractions from thermotolerant cells to cytochrome c/dATP--stimulated caspase activation. Cells were incubated at either 37ЊC or 42ЊC for 1 hour and allowed to recover for 12 hours at 37ЊC. Cytosolic fractions were prepared and incubated with cytochrome c and dATP (1 mM) for 60 minutes at 30ЊC. (a) The caspase-3-like activity (DEVDase) induced by addition of various concentrations of cytochrome c and dATP in cytosolic fractions was assayed using DEVD-AMC substrate. Inset: the caspase-3-like activity within the cytosols was induced only when they were incubated with both exogenous cytochrome c (100 nM) and dATP. (b) Western blot analysis of DFF45 cleavage (top) and its disappearance in the cytosolic fractions after activation with 100 nM cytochrome c and 1 mM dATP, and (bottom) Hsp72 to demonstrate induction of Hsps in thermotolerant cells. (c) Cytosolic fractions treated with or without cytochrome c (100 nM) and dATP (1 mM) for 60 minutes at 30ЊC before co-incubation with isolated nuclei. The nuclear DNA was then subjected to agarose gel electrophoresis. The typical internucleosomal DNA fragmentation is detectable in isolated nuclei co-incubated with activated cytosolic fractions. (d) Effect of recombinant Hsp27 and Hsp72 on caspase-3-like activation stimulated by cytochrome c (100 nM) and dATP (1 mM) as determined by DEVD-AMC cleavage. caspase inhibitory effect, cytosolic fractions from control cells were incubated with various concentrations of Hsp27, Hsp72, and bovine serum albumin (BSA) (as a control) before the addition of cytochrome c and dATP. The results showed that the same concentration of Hsp72 was more efficient than Hsp27 at inhibiting cytochrome c-mediated caspase activation (Fig 5d) . The effect of BSA on caspase activation was negligible, ie, less than 10% even at the highest concentration (data not shown). An additive inhibitory effect on cytochrome c-mediated caspase activation was noticed when both Hsps were present together (data not shown).
DISCUSSION
Although the expression of Hsps in response to mild stress induces thermotolerance (Li and Werb 1982; Parsell and Lindquist 1993) and protection from apoptosis (Samali and Cotter 1996; Mehlen et al 1996b; Gabai et al 1997; Mosser et al 1997; Jäättelä et al 1998; Gorman et al 1999; Robertson et al 1999) , it is still unclear whether the antiapoptotic influence of thermotolerance is caused by one particular Hsp acting at a single level of the process or to a cooperative action of several Hsps acting at different levels. In this study, we focused our attention on two of the stress-inducible Hsps-Hsp27 and Hsp72-with particular interest in their respective abilities to inhibit apoptosis. We have identified a significant pool of Hsp27 in association with the mitochondrial fraction from thermotolerant cells. This observation, combined with data demonstrating the ability of hsp27 antisense to facilitate mitochondrial cytochrome c release, clearly indicates a direct, stabilizing effect of Hsp27 on the mitochondrion. However, the release of cytochrome c did not result in caspase activation or in apoptosis. The latter observation, together with the results showing the inhibition of in vitro caspase activation by recombinant Hsp72, clearly suggests that Hsp72 interferes with apoptosomal procaspase processing. These results are in agreement with recent reports suggesting that inducible Hsp70 (Hsp72) interferes with the formation of the apoptosome (Beere et al 2000; Saleh et al 2000) . In this study we also detected a weaker inhibitory effect of recombinant Hsp27 on cytochrome c--mediated caspase activation in an in vitro system. This seems to be a secondary effect and may be caused by the interaction of Hsp27 with apoptosome components (Garrido et al 1999; Pandey et al 2000) . Taken together, these experiments suggest that Hsp27 and Hsp72 differentially and selectively inhibit mitochondrial and postmitochondrial events in apoptosis, respectively.
On the basis of our in vitro experiments, we suggest that Hsp27 inhibits the apoptotic process by blocking mitochondrial cytochrome c release (Fig 4) . The mechanisms involved may depend on one or more functions traditionally ascribed to this protein. These include (1) the ability of the Hsp27 to function as a molecular chaperone (Jakob et al 1993; Ehrnsperger et al 1997; Rogalla et al 1999) ; (2) maintenance of the cellular redox state via sequential upregulation of pentose-phosphate metabolism and glutathione levels (Mehlen et al 1996a; Preville et al 1999) , and (3) the stabilization or reorganization of cytoskeletal structure during times of stress (Lavoie et al 1993; Lavoie et al 1995) . However, it is unclear which, if any, of these established functions of Hsp27 is responsible for the inhibition of mitochondrial cytochrome c release. Our data demonstrating the preferential association of Hsp27 with mitochondria favors the model in which Hsp27 acts as a molecular chaperone, interacting with protein targets on the mitochondrial outer-membrane and specifically pre-venting the release of cytochrome c. This effect might be achieved through a direct interaction of Hsp27 with one or more components of the permeability transition pore (PTP). Changes in ⌬⌿m accompany mitochondrial permeability transition, resulting in the opening of the PTP and the release of cytochrome c (Piotrowicz and Levin 1997; Kroemer et al 1998) , although other models describing the release of cytochrome c, involving swelling and rupture, have been proposed (Vander Heiden et al 1997) . Thus, it is tempting to speculate that the regulation of PTP by Hsp27 occurs in a manner similar to that elicited by Bcl-2 or Bcl-x L , which bind to the voltage-dependent anion channel, a central component of the PTP (Shimizu et al 1999) . This is not a far-fetched possibility, because recent emerging evidence supports this hypothesis. A small heat shock protein, reactive with antibodies to Hsp25 (murine form of human Hsp27) was shown to associate with the mitochondria of mammalian cells after heat stress and protect the mitochondrial complex I activity against heat and oxidative stress (Downs et al 1999) .
In contrast to Hsp27, this study shows that the antiapoptotic effect of Hsp72 in thermotolerant Jurkat cells is directed downstream of mitochondrial cytochrome c release. This is in agreement with a previous report by Jäät-telä et al (1998) , but unlike those previous findings, in our studies the blockade of apoptosis caused by Hsp72 occurred upstream of caspase activation. This observation supports recent findings that Hsp72 exerts its antiapoptotic effect by preventing apoptosomal caspase activation (Beere et al 2000; Saleh et al 2000) . The lack of any detectable procaspase-3 processing during the inhibition of apoptosis in thermotolerant cells seen here is in agreement with other studies that examine the cytoprotective potential of Hsp72 in cells overexpressing this protein (Gabai et al 1997; Mosser et al 1997) . Moreover, our conclusions are supported by observations of a lack of an effect of recombinant Hsp72 on the proteolytic capacities of preactivated caspases .
In conclusion, we propose a model for the inhibition of apoptosis during thermotolerance in which Hsp27 preferentially blocks mitochondrial cytochrome c release, whereas Hsp72 interferes with apoptosomal caspase activation (Fig 6) . According to this model, the collective, antiapoptotic effects of these proteins exceed the ability of each one of them to protect against apoptosis independently, perhaps suggesting why both are indeed coordinately induced during acquired thermotolerance.
